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Friction and Wear of Unlubricated NiTiHf  
With Nitriding Surface Treatments 
 
Malcolm K. Stanford 
National Aeronautics and Space Administration 
Glenn Research Center at Lewis Field 
Cleveland, Ohio 44135 
Abstract 
The unlubricated friction and wear properties of the superelastic materials NiTi and NiTiHf, treated 
by either gas nitriding or plasma nitriding, have been investigated. Pin on disk testing of the studied 
materials was performed at sliding speeds from 0.01 to 1m/s at normal loads of 1, 5 or 10 N. For all of the 
studied friction pairs (NiTiHf pins vs. NiTi and NiTiHf disks) over the given parameters, the steady-state 
coefficients of friction varied from 0.22 to 1.6. Pin wear factors ranged from ~10–6 against the NiTiHf and 
plasma nitrided disks to approximately 10–4 for the gas nitrided disks. The plasma nitrided disks provided 
wear protection in several cases and tended to wear by adhesion. The gas nitrided treatment generated the 
most pin wear but had essentially no disk wear except at the most severe of the studied conditions (1 N 
load and 1 m/s sliding speed). The results of this study are expected to provide guidance for design of 
components such as gears and fasteners. 
Introduction 
Superelastic Nitinol compounds such as Ni-rich 60-Nitinol (60 wt.% Ni – 40 wt.% Ti) have been 
under development at NASA for applications like bearings and gears (Refs. 1 to 4). These materials are 
promising for aerospace or oceanic applications due to their unique combination of properties like high 
hardness, low apparent modulus, resistance to aqueous corrosion and excellent friction and wear 
characteristics when lubricated with conventional oils (Refs. 1 to 6). In some extreme situations, however, 
dry rubbing may occur for short durations, either by design or during an emergency (e.g., a helicopter 
gear box experiencing a catastrophic loss of oil). In situations like these, designers need some idea of the 
friction and wear characteristics of the unlubricated contacting materials to predict the durability of the 
system. For some applications, this could mean the difference between replacement of a component or the 
safety of the crew. Therefore, this type of study is necessary.  
In a previous study of dry-sliding on 60-Nitinol, DellaCorte et al. found that, at a range of loads (from 
approximately 4 to 15 N) and at high speeds (1.35 to 2.7 m/s), 60-Nitinol sliding against 60-Nitinol resulted 
in roughened surfaces due to the adhesive wear (also known as galling) that took place (Ref. 7). The 60-
Nitinol was, therefore, determined to be undesirable for dry-sliding applications. Wu et al. found that 
nitriding equiatomic NiTi (55 wt.% Ni – 45 wt.% Ti) increased the unlubricated wear resistance of this 
material (Refs. 8 to 9). However, the surface treatment had to be applied at fairly high temperatures (700 to 
900 °C). Unfortunately, exposure to temperatures above 500 °C for more than 1 hr tend to soften 60-Nitinol, 
reducing its wear resistance. Based on this, a preliminary study was undertaken to determine if 60-Nitinol 
could be surface treated to increase hardness at a temperature that would not soften the bulk material 
(Ref. 10). This preliminary study reported that two nitriding treatments were candidates for further 
consideration because the treatment processes did not appreciably soften the substrate and because the 
failure modes of the surface layers were not severe. A gas nitriding treatment produced a very hard 
(1090HK) and tenacious surface layer that only exhibited a mild failure mode during scratch testing. 
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However, the application of the surface treatment slightly roughened the surface and could increase wear of 
the counterface material. A plasma nitriding treatment also had a relatively mild failure mode (plastic 
deformation) with no cracking or delamination. Because the treatment layer was very thin, its durability was 
uncertain but the resultant surface was very smooth. The purpose of the present investigation is to evaluate 
the unlubricated tribological properties of 60-Nitinol surface treated by gas nitriding and plasma nitriding.  
During the course of this investigation, there was a concurrent effort to develop Nitinol compounds 
with dilute concentrations of a third element (such as Hf or Zr) (Refs. 11 to 12). These ternary Nitinol 
compositions were found to be hardenable at heat treatment temperatures more than 100 °C lower than 
60-Nitinol. Therefore, this investigation will include evaluation of tribological properties of plasma 
nitride and gas nitride surface treatments on the ternary material NiTiHf (57 wt.%Ni – 40 wt.% Ti – 3 
wt.% Hf) as well as 60-Nitinol. 
Procedures 
Ingots of Ni-Ti and Ni-Ti-Hf were obtained from Puris, LLC (Bruceton Mills, WV)1. The chemical 
composition of the materials, as listed in Table I, were provided by the supplier. Cylindrical rider pins 
with hemispherical tip radii of approximately 3.2 mm and disks (55 mm diameter by 10 mm thick) were 
machined from NiTiHf. The pins and disks were hardened through heat treatment at 900 °C for 2 hr 
followed by water quenching. This heat treatment is designed to transform the material from its 
martensitic phase, which is relatively soft, to its austenitic phase, which is hard (Ref. 11). X-ray 
diffraction of the material using Cu Kα radiation and a 0.5 mm diameter collimator after this heat 
treatment confirmed that this heat treatment rendered the material in its desired hardened state, indicated 
by the predominant austenitic consistency of the material. One face of each heat treated disk was polished 
to a mirror finish using metallographic procedures beginning with planar grinding with SiC media and 
concluding with vibratory polishing with colloidal silica. The polished surfaces were subsequently treated 
by either plasma nitriding or gas nitriding (Refs. 13 to 14). 
The plasma nitrided disks were heated to 540 °C in a gaseous mixture of N2 and H2 at a base pressure 
of 2.45 mbar. A plasma was formed, which consisted of positive ions (N2+), electrons and neutral N2 
molecules. The electrical potential that formed the plasma was used to drive the N2 molecules into the 
disk surface, which served as a cathode, creating the nitrided layer. The gas nitrided disks were heated to 
570 °C for approximately 30 min in an ammonia (N2-rich) atmosphere (Refs. 15 to 16). The nitriding 
activation potential, Kn, is defined as  
 3
2
3 2
NH
n
H
p
K
p
=   
where 
3NHp  is the partial pressure of ammonia and 23 2Hp is the partial pressure of hydrogen, was  
(Refs. 17 to 18). For this study, Kn = 2.5 atm–1/2. A NiTi disk and a NiTiHf disk were left untreated to 
serve as baseline specimens. 
 
TABLE I.—COMPOSITION OF SUBSTRATE MATERIALS USED IN THIS STUDY 
Material Measured composition,  
wt.% 
Impurities,  
ppm 
60 wt.% Ni – 40 wt.% Ti 60.0 wt.% Ni 40.0 wt.% Ti No ternary element C (40), H (2), N (<100), O (410) 
60.% Ni – 37 wt.% Ti – 3 
wt.% Hf 
57.16 wt.% Ni 39.60 wt.% Ti 3.24 wt.%Hf  C (180), Fe (230), H (24), Mn 
(27), N (10), O (640) 
                                                          
1 Puris, LLC is now Carpenter Technology Corporation 
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The rider and disk surfaces were scrubbed with a 5 µm levigated alumina slurry, followed by 
ultrasonic cleaning in ethyl alcohol. The disks were then rinsed with deionized water and dried with 
forced air. The average surface roughness of the untreated NiTiHf disk was Ra = 0.02 µm. The plasma 
nitride and gas nitride treatments rendered average surface roughness of 0.03 and 0.68 µm, respectively. 
The observed difference in surface roughness is expected. Plasma nitriding tends to result in 
chemisorption and limited implantation depth which does not significantly alter the surface of the 
substrate (Ref. 13). In contrast, gases and salts from gas nitriding tend to penetrate the surface more 
deeply, creating internal compositional variations that tend to result in increased surface roughness. 
Unlubricated pin on disk testing was carried out using a CSM High Temperature Tribometer, which 
conforms to ASTM G99 (Refs. 19). The test setup is shown schematically in Figure 1. The pin normal 
loads (LN) were 1, 5 or 10 N. The rotational speed ω of the disk was set to attain relative sliding speeds of 
0.1, 0.5 or 1m/s. Each test had a total sliding distance of 250 m. These testing parameters were chosen 
based on typical tests performed in dry-running tribological studies on metallic materials from the 
literature (Refs. 7 to 9, and 20 to 23). The disk rotational speed, the applied normal load and the 
measurement of the wear track radius were all calibrated for the software interface prior to testing. The 
tribometer was equipped with load sensors to measure the tangential load (LT) due to sliding friction and a 
software interface provided the calculated coefficient of friction µ according to: 
 T
N
L
L
µ =  
The digital data acquisition rate was 1 Hz. The ambient temperature at the disk was maintained at 20 °C 
with a closed-loop circulating water system. To minimize the influence of humidity, the environment at 
the sliding contact was flooded with dry nitrogen gas, keeping the nominal environment at the sliding 
interface at 0 percent relative humidity. 
 
 
Figure 1.—Schematic representation of pin on disk test setup showing the geometric considerations for wear 
calculations. The diameter d of the wear scar is used to calculate the rider pin wear volume = ( )π +2 26 3h a h , where 
the height of the spherical cap ( ) = − −  
2
1
22
4
dh R R . Wear track area Ai is used to calculate disk wear volume = 
π ∑D in i A  (for i = 1 to n measurements). 
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To remove loose wear debris after testing, the pin and disk were cleaned in an ultrasonic bath with 
ethyl alcohol and dried with forced air. The volume of material worn was modeled as a spherical cap (see 
left side of Figure 1). Optical microscopy and digital image analysis software were used to measure the 
diameter of the wear scar. The resolution of the digital interface was approximately 3.2 µm/pixel. The 
average of two orthogonal, independent measurements of the wear scar diameter was used to calculate the 
volume of worn material, as described in the test standard (Ref. 19). Wear of the disk was determined 
using contact profilometry to measure the profile of each wear scar (see right side of Figure 1) in four 
radial locations, each 90° from the adjacent. The profile was then used to calculate the volume of wear (or 
material gained by adhesive transfer).  
The wear volumes of both the pin and the disk were used to calculate Archard’s standard steady-state 
wear factor K for both members, given by 
 3
N
HVK
L S
=  
using the Brinell hardness of the pin H, the measured wear volume V, the load normal to the surface LN and 
the distance slid S (Refs. 24 to 26). This metric is commonly used to allow direct comparison between 
tribological material pairs (or tribopairs) with various performance characteristics since the wear volume is 
normalized with respect to the applied load and sliding distance. A limitation of the metric is that it does not 
keep record of when material was transferred to (and, subsequently, removed from) a surface. Typically, and 
in the case of this study, the wear factor is measured after the test. Wear of metals typically occurs at a 
relatively high rate initially but then reduces significantly during the ensuing steady-state wear regime (Refs. 
26). However, the linear variable differential transformer with which the tribometer was equipped was not 
functioning properly at the time of this study so the in-situ wear could not be measured. Therefore, the wear 
factor calculation included both the initial period, when wear occurred at a relatively high rate, and the 
steady-state period, when wear was essentially constant. Finally, to gain a better understanding of the nature 
of the wear that takes place during these tests, the surfaces of the tribopairs and the wear debris was 
examined with optical and scanning electron microscopy. Bulk material chemistry was analyzed by 
inductively-coupled plasma atomic emission spectroscopy (ICP-AES) while specimen surface chemistry 
was analyzed by energy dispersive x-ray spectroscopy (EDS) (Refs. 27 to 28). 
Results and Discussion 
Friction 
The coefficient of friction was measured throughout each test. The initial static friction F0 was the 
friction coefficient at the ordinate (when the test began). Friction rose steadily for the first stage of each 
test, traditionally designated the running-in period. An example of this is shown in Figure 2. During this 
interval, surface films on the friction pair were removed to expose fresh material and microscopic 
asperities were worn away to increase surface contact area, both phenomena contributing to the observed 
increase in friction (Refs. 29 and 30). Beyond this initial phase, the friction maintained a steady-state 
(constant) value, also denoted in Figure 2. This steady-state value, as well as the static friction, was 
reported for each of the studied friction pairs at the test conditions given in Table II. The nature of the 
friction curves is also noteworthy. The baseline and plasma nitrided friction traces (Figure 2(a) and (b)), 
are relatively jagged compared to the friction trace from the gas nitrided disk. These differences are likely 
due to the differences in the predominant friction mechanism, which will be discussed in the following 
section on wear. Friction coefficients ranged from approximately 0.7 to 1.6 for the treated specimens 
compared to 0.2 to 1.2 for the untreated disks. 
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(a)  
(b)  
(c)  
Figure 2.—Typical friction measurements from (a) baseline NiTiHf disk, (b) plasma 
nitrided disk and (c) gas nitrided disk. The baseline friction trace illustrates 
measurements of (i) static friction F0, (ii) run-in period and (iii) steady-state 
friction. 
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TABLE II.—STEADY-STATE FRICTION COEFFICIENTS FOR 
THE STUDIED FRICTION PAIRS (NiTiHf PIN) 
Disk Load,  
N 
Speed,  
m/s 
F0 µ = FT/FN 
NiTiHf 10 1 0.63 0.49 ± 0.07 
NiTiHf 1 0.5 0.59 1.08 ± 0.09 
NiTiHf 5 0.1 0.23 0.89 ± 0.10 
NiTiHf 1 0.1 0.23 1.25 ± 0.11 
NiTiHf 1 0.01 0.30 1.19 ± 0.13 
NiTi 1 1 0.18 0.22 ± 0.01 
NiTi 1 0.1 0.14 0.39 ± 0.03 
Gas nitrided NiTiHf 10 1 0.31 0.72 ± 0.04 
Gas nitrided NiTiHf 1 0.5 0.80 1.59 ± 0.08 
Gas nitrided NiTiHf 5 0.1 0.38 0.86 ± 0.02 
Gas nitrided NiTi 5 1 0.77 0.93 ± 0.03 
Gas nitrided NiTi 1 1 0.54 1.49 ± 0.05 
Gas nitrided NiTi 5 0.1 0.02 1.27 ± 0.04 
Gas nitrided NiTi 1 0.1 0.52 1.39 ± 0.09 
Plasma nitrided NiTiHf 10 1 0.10 0.68 ± 0.04 
Plasma nitrided NiTiHf 1 1 0.20 1.03 ± 0.07 
Plasma nitrided NiTiHf 1 0.5 0.16 1.10 ± 0.06 
Plasma nitrided NiTiHf 5 0.1 0.05 0.76 ± 0.07 
Plasma nitrided NiTiHf 1 0.01 0.10 1.29 ± 0.17 
Plasma nitrided NiTi 5 1 0.14 0.88 ± 0.02 
Plasma nitrided NiTi 5 0.1 0.49 1.24 ± 0.07 
Plasma nitrided NiTi 1 0.1 0.16 1.56 ± 0.07 
 
Figure 3 compares the friction coefficient for the untreated NiTi disk and the treated disks at a normal 
load of 1 N with respect to two sliding speeds (0.1 and 1.0 m/s). The data show that the coefficients of 
friction for the treated disks are significantly higher than the baseline disk at both speeds. The data also 
indicate a slight decrease in friction with increased sliding speed for the untreated disk but essentially no 
change in friction for the treated disks with respect to sliding speed. Figure 4 compares the friction 
coefficient for treated disks at 5 N with respect to two sliding speeds (0.1 and 1.0 m/s). These results 
clearly show a decrease in friction with increasing sliding speed. Figure 5 also shows that average 
coefficients of friction for tests run at 1 N on the plasma nitrided disk decreased slightly with increasing 
sliding speed. The apparent inverse correlation between sliding speed and friction shown in these 
examples was expected and has been noted in previous research (Ref. 31). A surprising finding, however, 
was that the untreated NiTi material has much lower friction than the treated disks. In fact, the measured 
friction values for the untreated disk (ranging from 0.2 to 0.4) are unusually low for any type of metal-on-
metal sliding contact, not to mention NiTi-on-NiTi in dry sliding contact for which average coefficients of 
friction vary from approximately 0.6 to 0.8 (Refs. 32 and 33). Low coefficients of friction have also been 
reported in another recent study of unlubricated NiTi tribology (Ref. 7). This study attributes this result to 
the inverse relationship between coefficient of friction and sliding speed cited previously. However, the 
test of untreated NiTi at 1 N and 0.1 m/s (a relatively low speed) had a relatively low coefficient of 
friction (approximately 0.4). So, it seems that sliding speed alone does not fully account for the lower  
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Figure 3.—Coefficients of friction for tests run at 1 N normal load. 
 
 
Figure 4.—Coefficients of friction for tests run at 5 N on treated NiTi disks. 
 
 
Figure 5.—Coefficients of friction for the plasma nitrided 
treatment on NiTi run at 1 N normal load. 
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coefficients of friction observed in these tests. This phenomenon could be due to the superelastic effect 
observed in 60-Nitinol. In other research, the reduction of wear in 60-Nitinol was said to be due to the 
low ratio of apparent elastic modulus to hardness (Refs. 20, 34 to 37). Friction is the resistance to the 
relative motion of two surfaces caused by contact between microscopic asperities on opposing surfaces. If 
the contact stress is high enough, the asperities can transform from their hardened austenitic phase to the 
softer martensitic phase, which has less resistance to deformation. This softer asperity would then have 
less resistance to opposing motion and result in a lower local friction. This mechanism repeated over a 
large area would result in a lower overall friction coefficient. This explanation is speculative but the 
reduced friction that has been observed should be investigated further. 
Figure 6 and Figure 7 compare the friction of treated and untreated NiTiHf disks at various loads and 
speeds. At low speeds, there is not much separation between the results of material pairs run at similar 
conditions. At 1 N (see Figure 6), the friction coefficient varies between 1.8 and 1.5 for tests run 0.01 and 
0.5 m/s. For tests run at 5 or 10 N (see Figure 7), the friction coefficient varies from approximately 0.7 to 
0.9 except for the baseline test run at 1 m/s. In this case, the coefficient of friction (approximately 0.5) is 
noticeably lower than the values obtained from other tests. This value may not be remarkable when 
considered in isolation, but when considered in the context of the relatively low friction noted for NiTi 
disks run at 1 N load, this phenomenon should be studied in more detail in the future. Nevertheless, 
friction should be considered along with wear, which is the subject of the following section. 
 
 
Figure 6.—Friction for NiTiHf disks with and without surface treatment run at 1 N. 
 
 
Figure 7.—Friction for NiTiHf disks at various test conditions. 
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(a) (b)  
 
(c)  
Figure 8.—Optical micrographs of typical wear scars on NiTiHf pins after running against (a) baseline NiTiHf disk, 
(b) plasma nitrided NiTiHf disk and (c) gas nitrided NiTiHf disk. Each test was performed at 5 N load and 0.1 m/s 
sliding speed. Arrows in (a) and (b) indicate some areas where material has been removed by adhesion. The disk 
sliding direction (SD), as indicated in Figure 6(a), has the same orientation in each image. Each pin has grooves 
parallel to the sliding direction, which indicates abrasive wear.  
Wear 
Pin wear resulted in a characteristic circular wear scar on the pin. Examples of typical wear scars are 
shown in Figure 8. The surface morphology of these wear scars gives an indication of the wear 
mechanisms that were in operation. For the baseline and plasma nitrided disks, clear signs of adhesive 
wear could be seen along the trailing edge of the pins, where chunks of material were removed as they 
adhered to the disk (see Figure 8(a) to 8(b)). Each pin also had grooves parallel to the sliding direction 
that indicated abrasive wear (Figure 8(a) to 8(c)). The pin wear factor from each test was listed in  
Table III. Figure 9 shows optical micrographs of typical wear tracks after testing treated and untreated 
surfaces. The disk wear factors are also listed in Table III. These values were typical for unlubricated 
materials (Refs. 24 and 31). A negative wear factor value indicates material removal, while a positive 
value indicates adhesive transfer onto the subject specimen from the counterface material.  
 
SD 
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(a)  (b)  
 
(c)  
Figure 9.—Optical micrographs of typical wear tracks for (a) baseline NiTiHf disk, (b) plasma nitrided NiTiHf disk and 
(c) gas nitrided NiTiHf disk. Each test was performed at 5 N load and 0.1 m/s sliding speed and the sliding direction 
(SD) indicated in Figure 9(a) is the same for each image. The bright areas on the baseline and plasma nitrided disk 
are the result of adhesion, where material has been removed from or transferred to the wear track. 
 
For the test run at 10 N load and 1 m/s sliding speed (the most aggressive condition used in this study), 
the gas nitrided disk had the highest disk wear and generated the highest pin wear. The lowest pin wear at 
this condition was generated against the untreated NiTiHf disk, while the plasma nitrided disk had the 
lowest disk wear. For every other combination of parameters considered in this study, the calculated disk 
wear factors for gas nitrided disks were extremely low (~10–14). When compared to the roughness of the 
unworn surface, a two-tailed Student’s t-test assuming equal variance showed that the wear track cross-
sectional area could not be distinguished from the typical peaks and valleys on the unworn surface. This is 
illustrated with the wear track profiles shown in Figure 10, where the wear tracks across typical baseline and 
gas nitrided disks are shown. Across the baseline wear track (Figure 10(a)), the troughs clearly show that 
material has been removed from the disk. However, peaks indicate that material has been transferred to the 
disk as well. However, the trace across the gas nitrided disk wear track shows little indication of wear. For 
wear measurements of gas nitrided disk wear that could not be distinguished from the unworn surface, the 
wear factor was reported as zero. Figure 11 shows an SEM micrograph of a typical wear track on a gas 
nitrided disk. The figure shows little indication of wear. The bright areas are caused by electrostatic 
charging at sharp surface features. A high magnification image of the wear track is shown in Figure 12. This 
image shows flattened masses of material that has likely transferred to the disk surface from the NiTiHf pin 
by adhesion. The surface also has faint, parallel striations that indicate abrasive wear. 
SD 
Flat disk Flat disk 
Wear track 
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(a)  
 
(b)  
Figure 10.—Typical disk wear scar profiles of (a) baseline disk (b) gas nitrided disk, each run at 
5 N and 0.1 m/s. Note that the wear track area of the gas nitrided disk is visually 
indistinguishable from the unworn area. 
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TABLE III.—MEASURED WEAR 
Disk Load,  
N 
Speed,  
m/s 
Kpin Kdisk 
NiTiHf 10 1 –2.8×10–6 –2.9×10–3 
NiTiHf 1 0.5 –1.5×10–5 4.3×10–3 
NiTiHf 5 0.1 –4.4×10–5 1.9×10–4 
NiTiHf 1 0.1 –2.3×10–4 –2.5×10–2 
NiTiHf 1 0.01 –2.8×10–4 6.4×10–4 
NiTi 1 1 –9.7×10–4 –2.9×10–3 
NiTi 1 0.1 –2.5×10–4 –2.8×10–3 
Gas nitrided NiTiHf 10 1 –3.7×10–4 –8.4×10–1 
Gas nitrided NiTiHf 1 0.5 –5.5×10–4 0 
Gas nitrided NiTiHf 5 0.1 –4.4×10–4 0 
Gas nitrided NiTi 5 1 –1.1×10–4 0 
Gas nitrided NiTi 1 1 –5.4×10–4 0 
Gas nitrided NiTi 5 0.1 –3.0×10–4 0 
Gas nitrided NiTi 1 0.1 –6.6×10–4 0 
Plasma nitrided NiTiHf 10 1 –8.3×10–6 –3.7×10–4 
Plasma nitrided NiTiHf 1 1 –2.5×10–5 –5.8×10–4 
Plasma nitrided NiTiHf 1 0.5 –4.2×10–5 1.3×10–4 
Plasma nitrided NiTiHf 5 0.1 –5.3×10–6 –9.2×10–4 
Plasma nitrided NiTiHf 1 0.01 –9.5×10–6 4.3×10–5 
Plasma nitrided NiTi 5 1 –5.9×10–5 –1.2×10–2 
Plasma nitrided NiTi 5 0.1 –3.5×10–5 –3.8×10–3 
Plasma nitrided NiTi 1 0.1 –1.1×10–5 1.5×10–2 
*Positive disk wear means material has transferred to the disk from the pin to the disk. 
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Figure 11.—SEM micrograph of a typical gas nitrided NiTi disk wear track showing very little 
indication of wear. The sliding direction (SD) is indicated with an arrow. The highlighted area 
within the wear track is analyzed further in Figure 12. 
 
 
 
 
 
SD 
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 (a)  
(b)  
Figure 12.—X-ray analysis of a typical gas nitrided wear track. The spectra from the image 
at a indicate the presence of Ni, Ti, O and N, which are expected, along with negligible 
amounts of contaminant elements. The image at b shows masses of material that are 
primarily composed of Ni, Ti and Hf and appear to have been deformed plastically along 
the sliding direction.  
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(c)  
(d)  
 (e)  
Figure 12.—Concluded. 
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Figure 13 compares pin wear against baseline NiTiHf, gas nitrided and plasma nitrided disks at a load 
of 1N with sliding speeds of 0.01 and 0.5 m/s. As speed increased, pin wear against the plasma nitrided 
disk increased slightly while pin wear against the NiTiHf disk decreased by about an order of magnitude. 
Conversely, as shown in Figure 14, as sliding speed increased from 0.01 to 0.5 m/s, NiTiHf disk wear 
increased by an order of magnitude while plasma nitrided disk wear had little change and was noticeably 
lower than untreated disk wear. These results suggest that plasma nitriding provided wear resistance for 
the disk and more predictable durability compared to the baseline for the studied conditions. However, 
gas nitriding provided the most wear protection at 1 N and 0.5 m/s (see Table III), but generated the most 
pin wear.  
 
 
Figure 13.—Pin wear volume against baseline NiTiHf and plasma 
nitrided disk tested at 1 N load. 
 
 
Figure 14.—Disk wear factors for baseline and plasma nitride treated disks at 1 N. 
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Figure 15 shows that at 1 N and 0.1 m/s, untreated NiTi experienced wear while the plasma nitrided 
disk underwent material transfer (through adhesion). Increasing the sliding speed to 1m/s generated disk 
wear on both the plasma nitrided and untreated NiTi disk. However, the gas nitrided disk did not generate 
measurable wear at either condition (see Table III). 
Comparisons of pin wear for NiTi disks with and without surface treatments are shown in Figure 16 
and Figure 17. For tests run at 1 N, shown in Figure 16, as speed increased from 0.1 to 1 m/s, untreated 
disk wear increased while there was little change in pin wear against the gas nitrided disk. Pin wear 
against the plasma nitrided disk increased as speed increased but was an order of magnitude lower than 
pin wear against either of the other surfaces. For tests run at 5 N (Figure 17), the gas nitrided disk had the 
least wear (see Table III), while the plasma nitrided disk generated less pin wear than the gas nitrided 
disk. These results add context to the friction results mentioned in the section on friction results, i.e. the 
lower friction observed for gas nitrided disks comes with higher wear. This result should be considered in 
component design. 
 
 
Figure 15.—Disk wear factor at 1N load versus plasma nitride treatment and baseline NiTi disk. 
 
 
 
Figure 16.—Comparison of pin wear against baseline and gas nitrided disks at 1 N load. 
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Figure 17.—Comparison of pin wear factors at 5N load. 
 
 
 
Several fundamental wear mechanisms have been identified to describe the type of wear that  
occurs when surfaces are in contact (Refs. 25 and 39). These mechanisms are described schematically in 
Figure 18. Adhesive wear occurs after one surface becomes metallurgically bonded to the other and is 
then pulled away. This often results in fracture of the material perpendicular to the sliding direction  
(Ref. 40). Abrasive wear takes place when one surface plastically deforms the other through some cutting 
or plowing action (Ref. 41). This usually leaves grooves on the surface that run parallel to the sliding 
direction. Fatigue wear occurs when a cyclic load leads to fracture below the surface. Fatigue wear of  
60-Nitinol results in a characteristic chevron pattern on the fracture surface indicating brittle fracture, as 
has been discussed in previous work (Refs. 42 to 44). Oxidative wear takes place when frictional heating 
results in oxidation at the surface and the oxidized material is worn away. Some magnification is needed 
to carefully inspect the surfaces and wear debris to be able to classify the wear mechanisms that are taking 
place. More than one mechanism may be active but identifying the predominant mechanism would still be 
useful to guide material selection or to drive design changes for improved component durability. The 
following is a discussion of the results of scanning electron microscopy (SEM) on selected wear surfaces 
and wear debris particles from this study.  
SEM micrographs of the wear track on the untreated NiTiHf disk after testing at 5 N and 0.1 m/s are 
shown in Figure 19. This wear track showed signs of both adhesive wear (where it appears that the 
material has been plastically deformed and, in some locations, pulled away from the surface) and possibly 
abrasive wear mechanisms, as evidenced by parallel grooves along the sliding direction. SEM 
micrographs of a wear track on the plasma nitrided disk, as seen in Figure 20, show indications of 
material transfer to the wear track by the adhesive wear mechanism. It is noteworthy that, while the 
NiTiHf disk shows signs of adhesive wear from the disk, the plasma nitrided disk shows indications of 
adhesive transfer from the pin. Therefore, it appears that the plasma nitride treatment provides some 
protection from adhesive wear compared to the untreated surface. Adhesive wear is an undesirable wear 
mechanism for certain sliding systems like machine screw threads because the transferred material tends 
to form protrusions on the mating surface, increasing roughness and reducing clearance between the two 
surfaces, which can lead to seizure (Ref. 45). An interesting topic for a future study would be sliding 
friction of symmetric plasma nitrided systems (plasma nitrided NiTiHf versus plasma nitrided NiTiHf). 
-3.50E-04
-3.00E-04
-2.50E-04
-2.00E-04
-1.50E-04
-1.00E-04
-5.00E-05
0.00E+00
0.1m/s 1m/s
K
pi
n, 
m
m
3 /N
·m
PN GN
NASA/TM—2018-219740 19 
 
 
 
 
 
 
 
 
 
Figure 18.—Fundamental wear mechanisms (Refs. 25). 
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(a)  
(b)  
 (c)  
Figure 19.—SEM micrographs at (a) low, (b) intermediate and 
(c) high magnification of wear track on baseline NiTiHf disk 
after testing at 0.1 m/s sliding speed and 5 N normal load. 
Grooves parallel to the sliding direction (SD) due to abrasive 
wear can be seen in a and b, while fracture surfaces oriented 
parallel to the sliding direction, indicative of adhesive wear, 
are highlighted with arrows in c. 
 
 
SD 
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(a)  
 
(b)  
Figure 20.—SEM micrographs at (a) lower and (b) higher magnification of wear 
track on plasma nitrided disk after testing at 0.1 m/s sliding speed and 5 N 
normal load with the sliding direction (SD) indicated in (a). Adhesively-bonded 
wear debris, indicated with arrows in (a), is present on the wear track. 
 
The wear debris from the plasma nitrided NiTiHf disk test at 0.1 m/s sliding speed and 5 N normal 
load had the appearance of shiny flakes by visual inspection. SEM micrographs of this debris, as seen in 
Figure 21, showed that it was composed of flattened, irregularly-shaped particles (approximately 50 to 
200 µm), consistent with the morphology of the adhesively transferred material in the wear track (see 
Figure 20). The particles were elongated along the sliding direction, a clear indicator of plastic 
deformation, and mildly striated, likely due to some combination of plastic deformation and abrasion. The 
SEM micrographs of the debris generally have the same greyscale value, indicating the similarity in their 
chemical compositions. The EDS spectrum from one of the particles (see Figure 21(b)), showed that it 
was composed of Ni, Ti and Hf, indicating that the material originated from the pin.  
SD 
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(a)  
(b)  
Figure 21.—Wear debris from plasma nitrided NiTiHf disk test at 0.1 m/s and 5 N. 
The SEM micrographs at (a) lower and (b) higher magnifications show flattened, 
irregularly-shaped particles, primarily composed of Ni, Ti and Hf. The morphology 
of the wear debris indicates adhesive wear. 
 
Visually, the wear debris from the gas nitrided NiTiHf disk tested at 0.1 m/s sliding speed and 5 N 
load was black and powdery with a few larger, shiny particles interspersed within it. This debris was 
examined microscopically and some representative SEM micrographs are shown in Figure 22. The 
backscattered electron images emphasize the atomic number contrast between the larger (approximately 
20 to 50 µm) irregularly-shaped particles and the fine (approximately 1 to 3 µm) particles, which contain 
elements with lower atomic weight (based on the fact that they appear darker in the micrograph). Regions 
of the larger debris particles adjacent to the wear surface also indicated the presence of lighter elements. 
EDS analysis (Figure 22(c) to (d)) showed that the lighter element was oxygen, indicating that oxidative 
wear lead to the generation of this fine wear debris (Refs. 21, 25, 36, and 37). The larger flakes are 
composed of NiTiHf, originating from the pin and indicating adhesive wear, based on their blocky and 
somewhat flattened morphology. 
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(a)  (b)  
 
(c)  
(d)  
Figure 22.—Wear debris from gas nitrided NiTiHf disk tested at 0.1 m/s and 5 N. SEM micrographs show the debris 
at (a) lower and (b) higher magnification. EDS spectra are shown (c) to (d) from analysis of wear debris show 
higher levels of oxygen in the fine debris, indicating an oxidative wear mechanism.   
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SEM micrographs and chemical analyses of wear debris collected after tests run at 0.1 m/s and 1N are 
shown in Figure 23. For pins run against the gas nitride treatment, the presence of fine, oxygen-rich 
particles indicates that the predominant wear mechanism was oxidative wear. The presence of blocky and 
somewhat flattened NiTiHf particles indicates adhesive wear of the pin on the plasma nitrided disk.  
 
(a)     
 
 
 
(b)     
Figure 23.—Wear debris after tests at 0.1 m/s and 1 N (NiTiHf substrate). The wear debris from the plasma nitrided 
debris indicates adhesive wear, while the gas nitriding treatment indicates oxidative wear. 
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Figure 23.—Continued. 
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Figure 23.—Concluded. 
 
(a)  (b)  
Figure 24.—Wear debris particles generated during testing at 1 m/s and 1 N with NiTi disks against (a) plasma 
nitrided and (b) gas nitrided disk treatments. 
 
 
 
For treated NiTi disks tested at 1 m/s and 1 N, the wear particles had irregular shapes with surface 
striations. This morphology suggests that the particles were also generated through a combination of 
adhesion and abrasion. A particle from the plasma nitride treated test, shown in Figure 24(a), is  
composed of NiTiHf (likely originating from the pin). A particle from the gas nitride treated test, shown 
in Figure 24(b), was composed of NiTi (likely originating from the disk). Increasing the load to 5 N,  
some of the debris generated from the plasma nitride treatment has the appearance of long, continuous 
particles that resemble machining chips produced by a machining tool, as shown in Figure 24. This 
particle morphology is due to abrasion. Other debris had morphology consistent with adhesive wear (see 
Figure 25(d)). 
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(a)  (b)  
(c)  (d)  
Figure 25.—Wear debris particles from (a) to (c) plasma nitrided and (d) gas nitrided NiTi disks testing performed at 
1 m/s and 5 N. The long, continuous wear debris from the plasma nitrided disk indicate abrasive wear of the disk 
(like machining chips indicate ploughing wear, a type of abrasive wear) and blocky particles indicating adhesive 
wear of the pin. The gas nitrided treatment wear debris is blocky and indicates adhesive wear of the pin. 
Conclusions 
The friction and wear characteristics of two superelastic alloys, NiTi (60 wt.% Ni – 40 wt.% Ti) and 
NiTiHf (57.2 wt.% Ni – 39.6 wt.% Ti – 3.2 wt.% Hf) treated by either gas nitriding NiTiHf or plasma 
nitriding were studied using pin on disk testing. The results of this investigation showed: 
 
1. The friction coefficient for untreated disks ranged from 0.2 to 1.1, while the friction coefficients for 
the treated disks were slightly higher (ranging from approximately 0.7 to 1.6). 
2. The plasma nitride treatment gave more erratic friction than the baseline while gas nitriding had more 
stable friction versus time. 
3. The gas nitriding treatment prevented wear of the disk for each of the studied test parameters except 
the most severe (10 N and 1 m/s). Gas nitriding also generated the most pin wear for each of the 
studied test parameters except the most severe, where untreated NiTiHf and plasma nitrided disks had 
lower pin wear. 
4. Plasma nitriding provided more disk wear protection than the untreated disks at 1N load at the range 
of speeds considered in this study. This treatment generated less pin wear than the untreated material 
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at 1 N with 0.01, 0.1 and 1 m/s sliding speeds and the wear factor had less variation at each of these 
conditions than the untreated material. 
5. Plasma nitriding tended to generate less pin wear than the gas nitriding treatment. 
6. Several wear mechanisms appeared to have occurred during testing. The examined debris showed that 
untreated disks tended to wear due to a combination of adhesive wear and abrasive wear. Plasma 
nitrided disks tended to wear due to a combination of adhesive wear and abrasive wear, depending on 
the test conditions and gas nitrided disks predominantly wore due to oxidative wear with some 
evidence of abrasive wear and adhesive wear. 
 
These results should provide guidance for development of superelastic components where short-
duration dry sliding contact is a design feature such as with high-durability shears or fasteners or for 
emergency situations such as heliocraft gearboxes experiencing a sudden loss-of-oil.  
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